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NACARM NO. E6J13

NATIONALADVISORYCOMDTICEEFOR JURONA~CS

RESEARCHMEMORANDUM

INVESTIGATIONOF A VARIABLEMACH NUMBERSUPERSONIC

WITH NO~TIEG CHARACTERISTICS

By John C. Evvardand Dellm?quisD. Wyatt

SUMMRY

A methodis p?esented for the design& supersonic-wind-tunnel
nozzlesthat ~oduce unifozmflow over a continuouslyvariableMwh
nmber rangewithoutthe use of flexiblewalls. ~erimental
resultsobtainedfrom a preliminaryinvestigationof suoha tmnel
are included.

Overeqandon of the flow in the neighborhoodof the throat
was observedat all Mach numbers. Eamdary-layereffectswere
noticeableabovethe design14mh nmber of 2.0. Mach numberswere
obtainedin the rangeof 1.75 to 2.65with the limitsimposedby
eithertumel chokingor the structuraldesignof the tunnel. At
q 8ivenflw-t- angle, lessthan l-percentvariationin
Mch numberwas observedin the test-seotionflow downstreamof the
overeqansionregion.

IE!I!RommoN

The usualmethodfor obtaininga ra~e of Maoh numbersin
supersonlowind tunnelsis to employinterohangeableftiednozzle
blocks. This teohniqueis sub~ectto the limitationsd requiring
a largenumber& nozzlesto ooverthe flow remgeand to the dM-
ficultieeof fabricatingand maintainingalinment when changesh
nozzleblocksare made. IZextble-walltunnelsand slidingnon-
elasticnozzlecontours(recterence1) have bem employedto over-
come theseobjections.Solutionsto the problemof obtainingtheo-
reticallyperfectflow in a variableMch nmber tunnelhave by no
meansbeen e~ust ea and studyon the subsectis being continued.

The difficultyin designingconventionalsupersonic t-m
for variableMach nmnberoperationwithoutthe use & flexibleWalls
largelyarisesfrcm problemsassociatedwith oano#@ion d? inter-
sectingcharacteristicsoriginatingfrcm the f1 -e@ans@n regions.

+=@

(Forthe theoryof supersonic-wind-tunnelIIOZZ1 ~ mS4Q>ee @=-
enoe 2.) The calculationof nozzle-wallconto -may Qe sim*&M.
if all the eqansion waves originateon one wall - &e *&d

~“””



2 NACARM Noo“E8J13

by the o~osite wall, so that Interseotlonsof characteristicsare
thus elind+ated.One suohtuqnel,suggestedby WolfgangMoeckelof
the NACA Clevelaadlaborato~j consistsof’nozzleshavingas con-
toursthe streamlinesgenemted by Prandtl-Msyerflowarounda
_ oornerfroma Machnumberof 1. Constructionof an adjustable-
an@e shaq-expansionoorner,althoughdifficult,wouldproducea
variableMaoh numbersupersonicwind tunnelhavinguniformflow.

Furtherexaminationof possiblenozzle-walloontoursdesigned
with nonintersectingOharaoteristioshas revealedthata supersonic
tunnelwith uniformflow and continuouslyvariableMach numberis
achievablewithoutthe use of.sharpexpansioncornersor flexible
walls. The theoryof suoha designand the resultsof a preliminary
investigationof a variableM%ch numbersupersonictunnelbasedon
the theory,whlohwas oonductedat the NACA Clevelandlaboratory
are presented.

Nozzle-wall. contoursfor a supersonicwind tunnelhavingflow
expansionwith nonlnterseotingolmraoteristiosare basedon the
Pmndtl-Meyer-ory for flow round a corner(referenoe3). If
an initiallytmifonn streamof sonicvelooityis expandedaround
an arbitrexgcontinuouslyIncreasingcorner, the Wch numberof the
flow at the surfacedependsonly on the100alangleof fluw turning
(fig.1), as givenby the equation

‘=lE--l’l/w+s@~-$ ‘1)
where 9 is the flow-turningangle (theflow-directionangleat
thatpoint), 7 is the ratio of speoificheats,and M is the
localMaoh numberat any pointon the surfaoe. The valuesof Mach
nuziberand flow directiongenerated100allyat any pointalongthe
expansionsurfaceare constantaorossthe flawfieldalongthe Mach
lineoriginatingat the point. The Maoh Une foresan angle J3
with the 100alsurface-tangentline,where

$ = Sin-lL
M

(2)

By means of equations(1)and (2),the directionfield (thatis,
the systemof tangents)of ihe streamlines
for a few representativeturninganglesin

may be plottedas shown
figure1. Graphical

.
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mnneation of any set of dlreatlon-field
of fig’.-1)givesa strea3nltie.Any pair

3

llnes(forexample,line =* ‘
of streamlines,inoluding

the e~si6n surface,may k usedas nozzle-wallmntours in ~e
designof supersonicwind tunnels,and unifozmflow resultsin the
test seotiondownstreamof the fInabexpansionl&mh llne.

As em alternativeto the ~phical mnstruotlonof the stream-
lines,* anal@ical method~ be eqployeil.~ orderto satisfy
one-dinwnsicmalisentropio-flow oonsidezations,the area projeoted
normalto the 100ale~lon surfacebetweenany two streamlines
must equalthe one-dimensional-flow area oorrespondlngto the 100al
~oh numberat the surfaoe. h ternsof the radialdistancebetween
streamlinesinsured alomgthe 100alMach 11.ne(ftg. 1), thisrela-
tion beoomeB

*
+1

()

2 7-1
~ 1+*M2

rsinp=ro~ -q- (3)

, or

. +-T+1

()
2 7-1

1++2
r—=
r. --q---

(*)

where r 1s the radialdistanoebetweenstreamlinesat &oh nmber
Mandro is the distanoebetweenthe same set of streamlinesat

M = 1.0.

The Coordinatesxl and y~ of the pointof intersectionof

theMach linewith the simightenlngwall (wherethe originof the
mordinates is takenat the pointon the expansionwall from whioh
the *oh ~ 01?i@MLt8S) beoom SiRQ~

Xl - r 00s (p-e)

Y1 = r sin (p-e)
}

(4)

or
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xl

~ 1=$ 00s (p-e)

(4a)

‘~ . ~ sin (p-e)
r. r.

Numericalvaluesof ~, 8, r/ro) x’#@ ~d yl~ro computed

from equations(1), (2), (3a),and (4a)fora valueof 7 = 1.400
are presentedin tableI as a functionof Mach number.

The contourof the flow-straighteningwall (~t, fig. 1) depends
only on the contourof the eqxumion surface. The test-sectionMach
number,on the otherhand,dependsonlyon the totalangle of flow
deflection.If, therefore,the expansionsurface;s a circular
oylinderfolluwedby an attachedtangentialplate,as in figure2,
the test-sectionWoh nmher can be variedby relativerotationof
the expansionand stnighteningsurfaoesaboutthe axis of the
oylinder.

The coordinatesX and Y (fig.2) of the straightening
relativeto the axis of the expansioncyUnder may be computed
the equations

wall.
from

(5)

where xl/ro and yl/rO are obtainedfrom equation(4a). The

coordinatesof the expansioncylinder X2 and Y2 me dete+md
from

where R is the radiusof the expansion

(6)

cylinder.

.
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At the Ma& nuniberfor which the straighteningwall is desigmed,
the test sectionis boundedby the final-expansionldwh line,the
tangeatplateto the e~sion oylinder,and a Maoh line or Inating

7at the end of wrvature of the straighteningwall (fig.2). The
straighteningwall is ass-d to be terminatedat thispoint.) The
resultanttest sectionis triangular.For operationat M?d numbers
belowthe designvalue (fig.3(a)), the samerestrictionsgovern
the test sectionexoeptthat the final-expansionMaoh line lnter-
oeptsthe straighteningwall at sme pointon the curvedsection.
The flow thereforeundergoesa compressiveturningdownstream&
this point,the compressionregionbeinglmundedby a Mach line.
The lowerlimitof operationof the tunneloccurswhen compression
downstreamof the test sectim causesohokingin the passagebetween
the straighteningwall and the tangentialplate.

For tunneloperationat Mach numbersgreaterthan the design
value (fig.3(b)), a flow e~sion oooursin the regionbetweenthe
expansionMaoh line correspondingto the des~ Maoh nuuiberand the
final-exsion Maoh line. The e~slon regionis boundedby a
Mach line so that the effectivetest sectionis againtriangular.

5e theoreticalmaximumtest-sectionlengthsovera zangeof
Maoh numbersof a variableMmh numbertunnelof the t~ shownin
figures2 and 3 are comparedin figure4 with the test-section
lengthsof conventionalsymetrioal-expanstontunnelshavingeither
mnstant test-seotionheightsor oonstantmass flows. ~ orderto
make the resultsnondimensional,the oaloulatedtest-sectionlqhs
were dividedby the test-sectionheightsat M = 2.0. The variable
lhch numbertunnelwas ass-d to be designedfor M = 2.0 with oper-
ationbetween M u 1.5 and M = 2.5 and to have a oylinder-~dius
to threat-heightratio R/rO of 1.0. The maxima test-section

lengthfor all threetunnelswas assmed to be the di-oe requ-
for a Mch lineoriginatingon the centerline of the test seotion
to be reflectedbaok to the oenterline. The centerltie ~ the
variable~oh nuaiber.tunnelwith nonintersectingobaracteristi.cs
was takenat one-halfthe maximumtest-seotlonheightat eaoh cmn-
dition.

~ conventionalsymmetrical-e~sion tunnelshavingfixed
test-sectiondimensions,the test-sectionlength-heightratiovaries
onlyas the cotangentof the Mach angle. The test-sectionheight
of oonventi-1 tunnelswith oonstantmass flow,on the other*d,
so varieswith Maoh numberthat the length-height
Is lessthanfor the fixed-test-seotiontumnelat
below 2.0 - geater for Kch nmnbersabove2.0.

zatioof figme
Moh numbers
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The variableM30h numbertunnelhas the seuMteet-sOction
lengthsas the oonventlonaloonstant-mass-flowtunnelat l&ch num-
bers below the designpointbeoausethe test-sectionheightsare
governedby the _ ccxqside~ttons.At M@ numbersabovethe
designpoint,however,the test-sectionheightdoesnot inorease
inthessme mannerbeoauseof the overe~sion of flow illuatmted
in figure3(b). Grax&ioalapplioatlonof the methodof oha?aoter-
isticswas used to detenuinethe pointof Intersectionof the final-
expansionhkmh lineand the Maoh lineboundingthe overexpansion
region,and hencethe test-sectionheight,for theseconditions.
The graphtoalanalysisdisclosedthatthe maximumtest-sectionheight,
ad consequentlythe length-heightparameter,approxinwtedthat
obtainedfor a mnventlonalfixedtest-sect- tunnelIn this mnge
of operation.The positionof the model inthe tunnelmust,of
course,be variedin orderto attainthe maximumlength-height
ratiosof figure4 for the variableMachnumbertunnel. (Formany
investigations,mum test-secticmlengthis unhqortantand a
fixedlooationof tie model is possible.)

AHAEWJ!US

Photogmphs of the variableMmh nmber tunnelusedfor these
preliminarytivestigationsare shownin figure5. Thistunnel
operateson a single-pass,continuous,suotlon-flow cycle. The
subsonicentmrme nozzle(at the top of the photograph)is conneoted
by ducthg to a 16-inoh-diameterpipe supplyingair at atmospheric
pressurefroman aotivated-aluminaair drier. The downstreamend
of the tunnelwas oonnectedto a oonstant-displaoemnt,reoiprooating
etiust pump.

~-tunnel ts two-dimensionalfrom the beginningof the subsmio
entranoenozzlethroughthe test section,with a ocmstantwidthof
4 inohes. A Machnumberof 2.0was arbitrarilyohosenas the design
Maoh numberat whioh oumpleteoanoellation& the e~sion charao-
terlstioswouldoccur. A test-sectionheightof 4 incheswas selected
for this condition;the nozzle-throatheightthereforebe- fixed
at 2.37 Inohes.

The e~sbn suzfacewas formd by a cylinderof 4-inoh
diameter. This cylinderwas tangentto a flatplate7 Inoheslong “
that fo-d onewall of the test section. The tangentialplateand
the cylinderwere rotatedto givea wide rangeof flow turning
singlesby a manuallyoperatedscrew-jackmeohanismextendingout-
sidea!?the tunnel.

,

.
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Static-pressureorificesof 0.0135-inchdiameterwere locate~
on the centerline of the fixed-contourwall at l/2-inchintervals.
Shnilarorificeswere staggeredat l/4-tichintervalson lines
1/2 ~ch to eithersideof the tangential-platecenterline,

3 inchesfrcmthe pointof tangencyof theextendhg frcma point 2=

@ate and the cylinderto the end of”thepla%.

A total-pressuresurveywas tie alongthe centerof the
tunnelwith the pitotpressurerake shownattachedto the tangential
plate h figure5. ~ this photcgmQh the rake is in the position
farthestdownstream;the rake-attachmentdesignallowedsystem-
aticmeasurementsfroma point2: inchesfrom the pointof tangency

of the flat plateard the cylinderto the positicmshown. The pitot
tubesused in the surveyzakewere fomed of pluggedl/8-inch-
diametertubeswith 0.0135-inchorificesin the ends. The tubes
were locatedat 1/2-inchincrementsstarting3/8 inchfrom the flat
plate.

A total-pressuretubewas installedjustupstreamof the sub-
sonicen~ce nozzlein the 16-inc&diameterpipe to measurethe
tetalpressureof the air enteringthe tmel. All pressureswe~
masuzed on a multiple-tubemercury~ter boardand were read
to the nearest0.02 inchof mercury.

RESULTSAND DXSCUESION

@ resultsof the cdlib=tion surveyof the flow In the
variableMach muibertunnelare jyesentedin the“formof Mach number
distributionsalongthe nozzlewallsand in the tunnelair streem.
Distributimalongthe tunnelwallswas computedfrom

(7)

where P. is the totalpressureof the enteringair streammeasured

in the transtticmsectionahead of the entrancenozzle, p is the
titio pressuremeasuredby a flushnll ofiioe~ Y ZS tie ratio
of speoificheats (takenas 1.400) and M is the desiredmch
xnmiber.

Mach nmiberdistrlbuttonsin the tunnelair streamwe= calcu-
latedfrm the valueof the free-streamtotalpressure~asured in
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the entrame tmnsition sectionand the valueof the totalpressure
.

behinda normalshockas masured with the pitot surveyrake by
means of the norml-shocktotal-pressure-ratioequation

where P is the to’hlpressuremeasuredby the pitottube.

(a)

~oh numbersal&g the swfaoe of the straighteningwall of
the nozzleare presentedin figure6 for the maximumflow-turning
@ e of 43.550. The ~rimentally detemined ~ch numbers
showexoellentagreementwith the theoreticallyprediotedresulta.
The naximumdevlatim betweentheoreticaland experimentalvalues
was about1 peroent. Abruptdismntinuitiesindicativeof strong
shockformationswere not apparentin the experimentaldistribution
and the smalldeviationsfrom theorythatdid occurwere protably
due to maohiningirregularitiesin the wall surface. Agreement
betweentheoryand experimentthroughthe full lengthof the eq-
sionregionindioatesthat isentropicflow existedwith negligible
bomdary-1.ayergrowbhalongthiswall. A low boundary-layergrowth
ratewas anticipatedbe-use of the favorablepressw?egradient.

The BWh nmiberdistribtitionsalongthe surfaoed the tangen-
tialplateare presentedin figure7 for a rangeof fkw-’turning
angles. Thesedatawere obtainedwithoutthe pitotsurveyrake in
the tunuel,but the minimumturningangle shown (6 = 19.65°)
correspondedto the lowestJ&h numberat whichthe tunnelcouldbe
operatedwithoutchokingwhen the rakewas in position. The turning
angle e = 43.55° was the mximum possibleowingto structural
interferences.

At eaohturningangleinvestigated,the Maoh numberdistri-
butionwas slightlyirregular.The variationswere small,how-
ever,with no evidenceof strongshockimpingement.Shockwaves
were not visiblein the test sectionby sohlierenobservatim of
the flow.

Beoausetheoreticallyno pressuregradientexisted
on the tangentialplate,the rate of boundary-layergrowthwas
expectedto ‘lMlow. A negligibleboundary-layer~owth occurred
at Maoh nm,.ersbeUK the designMaoh numberof 2.0,as evidenoed
by the eqpentiall.yoonstantMch nu!iberdistributionalongthe

r

.
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full.len@h of the platefor theseconditions.At Maoh numbers
,.-.. .-,.“-...’greater.@an 2.0,a noticeablebo~aq layer was formed,with the
,._. - ‘rate & growthincreasingas the-Maoh nunberwas imreased. Beoause

the flow leavingthe tangentialplatehad to undergoa oompresslve
tuzmingof progressivelygreatermgle as the Maoh nuniberwas
increasedabove2.0,a positivepressuregxadientwas probablytrans-
mittedbackalcmgthe surfaoeof the plateto oausethe observed
thickeningof the boundarylayer.

kkoh numberdistributionsin the tunnelstreamas detemined
frcm the pitot surveysare shownin figure8 for se- longitudinal
positionsof the rake and for severalflow-turningangles. Also
shownare the Maoh numbersdeterminedfrcunstatic-pressurereadings
taken simultaneouslyby wall orificeson the tangentialphte
direotly&neath the pitot-tubetips. The pitotrake extended
sufficientlyfar from the tangentialplatethatfor somerake
positionsand fluw-tuminganglesone or more of the tubes
extendedintothe expansionregionaheadof the final-~sion
Maoh Mne. (Inasmuchas the pitottubeswere alinedparallelb
the tangentialplate,an effectiveangleof attaoknot exoeeding
12°was imposedon the tubesextendingintothe e~sion region.)
The theoreticalcmrvesshuwnon figure8 are thereforemns~t in
valuefrom the tangentialplateto the final-expansion*ch line}
then deoreaseas the e~sia regionis entered.

Reascmableagreementbetweentheoreticaland experimental
moh nmiberswas obtainedthroughoutthe regioninvestigated.The
mximum discmpanay amountedto lesst&n 3 peroent,with the max-
imumde-tion consistentlyoccurringwhen the pitottubewas near
the fim.l~~sion Kch line. The agreementwas partimilarly
dose in the expansionregion,whioh irilioatdlthe validityof
assming isentropioflow in the oaloulationof the Mach numbers.
The experinwntalMach numberswere higherin genemalthan the
theoreticalllaohnmbers for the upstreampositionsof the rake.
As the rakewas ~vea a~stre~ in the test section,the experim-
ental Mmh numbersdeoreasedbeluwthe theoreticalvaluesas a
resultof boundary-layergruwth.,

The test-seotionMch nmbers from figure8 are replottedin
figure9 as a functionof the localdistanoeparallelto the tan-
gentialplatefrom eaoh tube to the theoreticalfinal-expnsion
~oh line. The measurementsimmediatelydownstreamof the ~oh
line showgood agreemnt with theoryfor all fluw-tming angles
investigated.The high Maoh numberspreviouslynoted in figure8
showa omsistant ma unifomnoverexpansion& the flow for a
distanoeof appmximtel.y2 inohesduwmtream of the Maoh line.



This overe~sion is attributedto a virtualdefozmtion of the
expansionoozmereitherthrougha boundary-layerprotuberance,as
predictedfor this typ6 of flow by Lees of PrLnoeton,or through
flow separationaroundpart of the corner. The effcotswoulclbe
expectedto dependon the rate of ohangeof mrvature of the e~-
sionsurfaoe. Unpublisheddatafrom otherinvestigationsat the
Clevelandlaboratoryof expansionflowaroundsharpand romded
cornersindioatethat the effeot doesbecom less pronouncedas the
strengthof the dlsoontinuttyIn mrvatuxw on the e~sion surfaoe
deoreases.The overexpansionregicmis longestneti to the tan-
gentialplateand dimhishes with distanceIntothe stream,whioh
is Mioative of a oanoellationof the overe~sion regionby
compressionwaves originatingat the tangentialplate. Suchwaves
werenot visible,huwever,by schlierenobservationsof the flow.

Downstreamof the overexpnslonregionthe flowwas reasonably
uniformfor all flow-twnlngangles. The experimentallydetermined
Mmh nuntbersin this uniformflQW regionrangedfrom 1.75to 2.65
with lessthan 1 peroentvartatianIn M30h nuniberoccmrringat any
flow-tuzmlngangle (flg. 9). The observedMaoh numberswere lower
thanthe theoreticalvaluesbemuse of boundary-layereffects. The
upperMa& numberllmltwtionsooourredsolelybeoauseof the struot-
uraldesireof the tunneland the flawat the =ximum l&oh number
waB not a&ompanied by any effeots
stingmnges in similartunnels.

SUM@RY OF

likelyto restrictwider oper-

RESULTS

A preliminaryinvestigationof the flow in a variableMach
numbersupersonictunnelwith nonintersectingohamaoteristios
gavethe followingresults:

1. overeqsion of the flUW illthe Ileighbdloodof the throat
was observedat all hch numbers. Downstreamof the overeqxumhm
region,test-seotionKoh numberswere obtainedin the rangeof 1.75
to 2.65with lessthan1 peroentvariationin Maoh numberat any
givenflow-turningangle● The lowerand upperMaoh numberlimlts
wem imposedby tunneloholdngand structuralInterference,respec-
tively.

,

.



.

.

.

11

2. ExperimentalMach numbersfollowedtheoreticalprediotions
exoeptfor boundary-layereffects,whichwere most noticeableabove
the designMach nmuberd 2.0.

LWiS ~l@ht ~OpUh3iOzl Laboratory,
mtional AdvisoryCammitteefor Aeronautics,

Cleveland,Ohio.
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TABLE1. - VARI&CION03’NOZZLEUESIGNP~

WITH MAOHNUMRER FOR 7=1.400

r 1For definitionof symbolsQek fig. 1

M

(
1.00
1.10
1.20
1.30
1.40

1.50
1.60
1.70
1080
1.90

2.00
2.10
2020
2.30
2.40

2.50
2.60
2.70
2.80
2.90

yl/ro
(dgg) Ir/rol%/ro

90.00
65.38
56.44
50.29
45.59

0
1.34
3.56
6.17
8.99

‘m:

1.237
1.386
1.561

0
.486
.746
● 995

1.253

1.000
.997
.986
.965
.931

0.879
.808
.711
●583
.420

0.213
-.045
-.360
-.747
-1.212

41.81
38.68
36.03
33● 75
31.76

11.91
14.86
17.81
20.73
23.59

1.764
2.000
2.274
2.590
2.955

1.529
1,830
2.160
2.523
2.925

30.00
28.4A
27.04
25.77
24,62

23.58
22.62
21.74
20.93
20.17

26.38
29.10
31● 73
34.28
36.75

39● 12
41.42
43.62
45.75
47.79

3.375
3.858
4.411
5.044
5.767

3.368
3.858
4.396
4.989
5.638

6.592
7.530
8.594
9.800
11.164

6.351
7.129
7.974
8.896
9.892

-1.765
-2.427
-3.203
-4.11.3
-5.176

-6.40749.76 12.704 10.9703.00 19.47
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Figure 2. - Schematie drawing of variable Blaohnmuber eupersonio
nonintersecting characteristics at design Maoh number.
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~Flnal-expsnsion Mach line

(a) Test-seotion Mach number
Mach number.

less than design

15

(b) Test-section

*
.

Figure 3. - Test sections resulting from off-design operation of
a variable Mach nmber supersonic tunnel with nonintersecting
charaaterlstiese.

Maoh number greater than design Mach number.
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(a) BightTleTahowlng inatlumntatlalfrcal tangmlt
*to !@ Durw3y luke.

(b) Lsftviovsb.owing instwtntation frwstraightiniug

m 5. - Vhrlable Mnoh nnmher ttomel with noml.ntersecta oinractefi~cs.
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